Bacterial attachment to solid matrices depends on adhesive molecules present on the cell surface. Here we establish a positive correlation between peptidoglycan (PG) breaks, rather than particular molecules, and biofilm-forming capacity in the Grampositive bacterium Lactococcus lactis . The L. lactis acmA strain, which is defective in PG hydrolase, adhered less efficiently than the wild-type (wt) strain to different solid surfaces and was unable to form biofilms. These phenotypes were abolished by addition of lysozyme, a PG hydrolytic enzyme. Thus, the presence of PG breaks introduced by PG hydrolase, and not the AcmA protein itself, appears to be responsible for biofilm formation. Two different genetic screens confirmed the importance of PG breaks in L. lactis biofilm formation. Using the chainforming ability of the acmA strain as a phenotypic indicator of PG integrity, we selected for insertional mutants generating short chains. Five independent mutants were all mapped to ponA , which encodes the PG synthesis enzyme PBP1A. Double acmA ponA mutants displayed increased adhesion and biofilmforming capacity. Direct selection for strains with increased biofilm-forming capacity resulted in the isolation of another five mutations in ponA. Based on these results, we conclude that PG breaks are important for both adhesion and biofilm formation in L. lactis.
Introduction
A majority of bacteria living in natural environments are associated with surfaces (Costerton et al ., 1987) . Bacterial cells may simply be attached to the solid surface or may be organized in more complex structures called biofilms. Biofilm formation starts by bacterial adhesion to solid surfaces; a bacterial community is then generally consolidated by biopolymers, in most cases exopolysaccharides (Kolter and Losick, 1998; Sutherland, 2001) . Bacterial adhesion and biofilm growth on surfaces in industrial settings, medical implants or host tissues may cause deterioration of equipment or serious medical problems and are the object of intensive study (Costerton et al ., 1987; Davey and O'Toole, 2000) . As such, information on bacterial adhesion mainly concerns 'troublesome' microorganisms, e.g. the Gram-positive bacteria Listeria monocytogenes, Staphylococcus aureus , Staphylococcus epidermidis and Streptococcus gordonii (Heilmann et al ., 1997; Loo et al. , 2000; Cucarella et al. , 2001; Milohanic et al. , 2001) . In contrast, little is known about adhesion and biofilm formation of non-pathogenic Gram-positive bacteria. In the case of lactic acid bacteria (LAB), their worldwide use in the food industry raises concerns about their capacity to adhere to surfaces and to form biofilms, which may affect their release into the environment and their performance in fermentations. We are investigating the factors involved in LAB adhesion to solid surfaces and in their capacity to form biofilms; Lactococcus lactis ssp. cremoris , the LAB most commonly used in the dairy industry, is used as the model.
Our work is focused on the role of the cell wall peptidoglycan (PG) layer in bacterial adhesion. The Grampositive bacterial PG is a polymer mainly composed of N -acetylglucosamine-N -acetylmuramic acid disaccharide pentapeptide blocks that are synthesized intracellularly and transported through the membrane as lipid-disaccharide pentapeptides. These blocks are covalently linked to the pre-existing PG polymers via a transglycosylation reaction. The different PG chains may also be linked via a transpeptidation reaction (Shockman and Barrett, 1983) . Enzymes that carry out both transglycosylase and transpeptidase activities are referred to as high-molecular-weight penicillin-binding proteins (PBPs; Matsuhashi, 1994) .
The formation of PG breaks is a natural process that is reportedly involved in growth and turnover of the rigid PG sacculus, cell separation, spore germination and autolysis (Shockman and Höltje, 1994) . PG breaks may be introduced by PG hydrolases (also called autolysins), which attack either the murein chain ( N -acetylmuramidase and N -acetylglucosaminidase) or the peptide bridge (endopeptidase and amidase; Shockman and Höltje, 1994) . In L. lactis, mutants of the main lactococcal autolysin, acmA , are viable and show normal growth. However, in absence of PG hydrolase activity, large PG molecules remain intact and keeps daughter cells together after cell division. As a consequence, the acmA mutant forms long chains, reflecting a reduction in the number of PG breaks. We show here that PG breaks confer on L. lactis the capacity to adhere to solid surfaces and to form biofilms.
Results

Correlation between PG hydrolase activity and adhesion
We observed that L. lactis MG1363 acmA ∆ 1, deficient in main PG hydrolase, adheres with lower efficiency to a glass surface (Fig. 1) . Addition of lysozyme to the growth medium in amounts that do not reduce viability restored adherence of the acmA strain to the same level as the wild-type (wt) strain. Addition of lysozyme also slightly increased adhesion of parental strain MG1363 (Fig. 1) . These results lead us to suggest that PG hydrolysis by AcmA or by lysozyme is needed for efficient adhesion of L. lactis .
Adhesion of L. lactis strains to other solid surfaces was examined. Glass, stainless steel, polystyrene and polytetrafluoroethylene (PTFE) each have different physicochemical properties (Fletcher, 1991) . We compared the adhesion properties of wt MG1363 and MG1363 acmA ∆ 1. Poor adhesion of the acmA mutant to all surfaces was observed compared with the wt strain (differences were 2-to 12-fold; Fig. 1) .
Repeated domains present in the C-terminal part of the AcmA protein have cell wall-binding properties (Buist et al ., 1995) and thus may also be responsible for MG1363 adhesion. To test this possibility, we used a β -lactamase-AcmA fusion protein, encoded on plasmid pGBLR. In this fusion, repeated cell wall-binding domains of AcmA are intact, and the N-terminal domain (which has PG hydrolase activity) is replaced by the Escherichia coli β -lactamase polypeptide (Buist, 1997) . The fusion protein did not restore adherence of the acmA mutant to the wt level despite its expression from a multicopy plasmid (Fig. 1 ). This result is in agreement with our suggestion that greater adhesion of the wt strain is mainly caused by AcmA PG hydrolase activity and not by its cell wall-binding properties.
Selection of short chain mutants of the MG1363 acmA ∆ 1 strain
To confirm the hypothesis that PG breaks have a positive role in adhesion, we attempted to isolate mutants with an increased number of PG breaks. We reasoned that such mutations would have a short-chain phenotype in an acmA background. We observed that in semiliquid medium (i.e. liquid M17 glucose medium containing 0.035% agarose), the chain-forming strain MG1363 acmA ∆ 1 sediments slowly and grows as round colonies, while a wt strain forms streaked colonies (Mercier et al. , 2000) . These properties were used to devise a selection for mutants with PG breaks, based on differential sedimentation rates of bacteria according to their chain-forming capacity. When a drop of MG1363 acmA ∆ 1 saturated culture was deposited on the surface of semi-liquid medium, the bacteria grew as a root-like structure (Fig. 2) . We supposed that long chains of lactococci would stay on the upper part of this structure while spontaneous mutants making shorter chains would sediment faster to form 'roots'. Strain MG1363 acmA ∆ 1 containing transposon vector pGhost9::IS S1 was used for mutagenesis. After 48 h of growth in the presence of erythromycin at 37 ° C, the plastic tube was perforated with a syringe, and 10 samples at the 'ends of the roots' were removed and streaked out on agar plates to isolate single colonies. Phase-contrast microscopy confirmed that, of 10 clones examined, seven of them formed shorter chains than did the parental strain (data not shown). The IS S1 insertion sites were mapped in five of these short-chain mutants. All five insertions were independent and localized in the gene putatively encoding PBP1A, and referred to as ponA in closely related L. lactis strain IL1403 (Bolotin et al. , 2001) . In a fifth mutant (called VES2123), ponA plus a secondary ISS1 insertion were identified.
Direct selection for biofilm-forming mutants
To investigate if mutations in other genes also may result in increase of adhesion, we selected for mutants of MG1363 acmA ∆ 1 with increased biofilm-forming capacity. Twenty cultures of MG1363 acmA ∆ 1 containing pGhost9::IS S1 were inoculated from independent colonies and mutagenized as described previously (Maguin et al ., 1996) . Twenty millilitres of liquid SA medium was deposited in separate polystyrene Petri plates, and each plate was inoculated with an independently mutagenized culture (one per plate). After a 24 h incubation period, the culture medium was removed, plates were washed three times with fresh SA medium, and 20 ml of fresh SA medium was added. Plates were incubated for another 24 h. This procedure was repeated five times. After this enrichment procedure, the bottom of each plate was then scraped with a platinum loop and streaked on M17 glucose agar to obtain single colonies. Eight single colonies from each plate were tested for adhesion in 96-well microtitre plates (see Experimental procedures ). Five independent mutants that display increased adhesion properties were isolated in this way. Mapping of the IS S1 -chromosome junctions revealed that the insertions were all in different positions of the same ponA gene.
To be sure that the ponA phenotype was due to interruption of ponA rather than a downstream gene, we cloned the ponA gene (on plasmid pVES3142) and reintroduced it into the acmA ponA mutant. The resultant strain showed increased chain length and decreased adhesion (data not shown), thus confirming that the observed phenotype is due to inactivation of ponA and not to polar effects of insertions.
Evaluation of cell wall integrity by fluorescence in situ hybridization (FISH)
The level of PG breaks was examined in MG1363 and derivatives by evaluation of cell wall state by FISH. The use of FISH is based on impermeability of the lactococcal cell wall to large oligonucleotide probes. The probe can only penetrate cells with ruptures in their cell wall. Cell wall integrity can thus be evaluated by measuring the percentage of hybridized cells in a bacterial population (hybridization frequency, HF; Bidnenko et al ., 1998) . HF in the acmA strain was markedly lower than in MG1363 (Fig. 3) . We attribute reduced permeability of the acmA mutant to the absence of AcmA autolysin activity. Addition of lysozyme increases the HF of acmA . Furthermore, introduction of the ponA mutation in MG1363 acmA ∆ 1 either by directed single-crossover inactivation (strain VES1845) or via IS S1 insertion (strain VES2140) resulted in a modest but significant increase in HF despite the absence of AcmA. We correlate the absence of PBP1A-mediated PG linkages with increased cell wall permeability of the acmA ponA strain.
Adhesion of ponA mutants
Glass surfaces were used to compare the adhesion effi- ciency of MG1363 with that of mutants altered in PG synthesis ( ponA ) or in PG hydrolysis ( acmA ). As indicated above, the acmA mutant adhered less efficiently than MG1363. Introduction of the ponA mutation in the acmA background (strains VES2140 and VES1845) resulted in increased bacterial adhesion (Fig. 4) . All stabilized ponA ::IS S1 mutants (in acmA) tested displayed essentially equivalent levels of bacterial adhesion to glass (results not shown). Introduction of the ponA mutation in MG1363 did not alter adhesion properties (see Fig. 4 ). The above results indicate a positive correlation between activities that favour PG breaks and adhesion capacity.
Evaluation of biofilm-forming capacity by scanning electron microscopy (SEM)
Scanning electron microscopy was used to evaluate the capacity of L. lactis to form biofilms on a stainless-steel surface. We observed efficient multilayer biofilm formation by strain MG1363 after 24 h of incubation with a bacterial suspension in SA medium ( Fig. 5A and B) . For MG1363acmA∆1 (the autolysin-deficient strain), the surface was evenly, but not completely, covered and no multilayer structures were observed ( Fig. 5C and D) . In contrast, the double acmA ponA mutant VES1845 formed biofilms similar to that of the wt strain ( Fig. 5E and F) . We noted the presence of cracks on the multilayer biofilms. The presence of cracks may indicate the fragility of these biofilms, which may be due to low-level production of exopolymers needed for biofilm consolidation. Although the L. lactis genome encodes genes involved in cell wall polysaccharide biosynthesis (Bolotin et al., 2001) highlevel exopolysaccharide synthesis requires a plasmid that is not present in MG1363 (Gasson, 1983; van Kranenburg et al., 1997) .
Cross-species effect of PG hydrolase
We previously reported that the lactococcal AcmA autolysin hydrolyses streptococcal PG in trans and can thus act as a mediator of interactions between bacteria (Mercier et al., 2000) . We asked whether AcmA might also influence adhesive capacity of another strain. The chain-forming Streptococcus thermophilus strain CNRZ7 (Mercier et al., 2000) was examined for adhesion properties. As these chains are disrupted by adding lysozyme to the growth medium (data not shown), we consider that this streptococcal isolate is naturally low in PG hydrolase activity. As observed for L. lactis acmA, the CNRZ7 strain displayed poor adhesion. However, adhesion was enhanced by addition of lysozyme to growth medium (Fig. 6 ). Similar effects were observed when spent medium of strain MG1363, which secretes AcmA autolysin, was added to CNRZ7 cells. Note that spent medium of the acmA strain has no effect on adhesion. Adhesion of CNRZ7 was also low in spent medium of acmA ponA, suggesting that the acmA ponA mutant does not release into the medium a substance other than AcmA that could increase streptococcal adhesion properties.
Discussion
Investigation of the adhesion capacity of L. lactis strain MG1363 revealed the importance of PG breaks, rather than a particular cell wall molecule, in biofilm formation. Peptidoglycan involvement in adhesion was first suggested by results showing poor adherence of the acmA strain (deficient in PG hydrolase; Buist et al., 1995) compared with the wt parent on four different solid surfaces: glass, polystyrene, PTFE and stainless steel (Fig. 1) . Scanning electron microscopy confirmed that the autolysin-deficient mutant does not produce biofilms on a stainless-steel surface (Fig. 5A-D) . The AcmA-deficient mutant displayed poor permeability to a FISH probe (Fig. 3) , reflecting a reduced number of PG breaks compared with the wt strain. Based on these observations, we speculate that the introduction of PG breaks by AcmA is responsible for adhesion and biofilm formation. 
A B C D E F
It is possible that the AcmA protein itself may have adhesive properties. It was recently shown that autolysins of S. epidermidis affect primary attachment to solid surfaces, and adhesins of Listeria also have homologies to AcmA (Heilmann et al., 1997; Santiago, 1999) . Nevertheless, our data showing that adhesion deficiency of acmA was complemented by exogenous addition of chicken egg lysozyme to growth medium do not support this interpretation, as the primary structures and sizes of AcmA and lysozyme are totally different. In addition, we showed that β-lactamase-AcmA fusion protein does not restore adhesion of acmA mutant to the wt level (Fig. 1) , further indicating that adhesion is mediated by the PG hydrolase activity itself rather than by the presence of AcmA protein.
A second line of evidence concerning the importance of PG breaks in biofilm formation comes from the observation that ponA inactivation, which affects PG synthesis, also restores adhesion. Genetic selections for mutants that either restore adhesion to the acmA mutant or alter sedimentation properties of the chain-forming acmA strain lead exclusively to the identification of ponA. The ponA hotspot cannot be explained by site specificity of ISS1 insertion, as ISS1 insertions are random (Maguin et al., 1996) and have been obtained in other PBP genes of MG1363 using different selection strategies (E. Maguin, personal communication). The ponA insertions identified in this work may reveal the dominant role of PBP1A in PG synthesis of L. lactis. The observed phenotypes attributed to ponA are not due to polar effects of an insertion, as introduction of cloned ponA abolishes the short chain and adhesion phenotypes.
The acmA ponA double mutants displayed greater adhesion than acmA (Fig. 4) , and also resulted in the production of shorter chains. The decreased chain length of acmA ponA mutant cells can be explained by a loss of PG linkages that are normally formed by PonA (Shockman and Barrett, 1983) . The presence of PG breaks in the acmA ponA double mutant was visualized by an increase in HF in FISH (Fig. 3) .
To our knowledge, our results present the first implication of PG breaks in adhesion and biofilm formation. In previous studies on other bacteria, the role of PG breaks may have been masked by the presence of adhesive cell wall proteins, such as Bap of S. aureus or Esp of Enterococcus faecalis (Cucarella et al., 2001; Toledo-Arana et al., 2001) . The absence or low quantities of such molecules on the surface of MG1363 probably provided the right background to establish the involvement of PG breaks in biofilm formation.
We observed a correlation between cell separation and adhesion: wt MG1363 grows as separate cells or short chains, whereas non-adhering acmA forms long chains. Addition of lysozyme, a chain breaker, to the acmA mutant, or introduction of the ponA mutation, results in chain shortening and a simultaneous increase in adhesion. These correlations suggest that cell separation may interfere in the adhesion mechanism. However, as the acmA ponA double mutant, adhesion of which is restored (Fig. 4) , still forms chains markedly longer than the wt (data not shown), we consider this explanation unlikely. Also, as longer chains sediment faster and thus contribute to establishment of the contact between surface and cells, the adhesion in acmA mutant may even be overestimated in our experimental conditions. The PG structure dictates numerous interactions between the cell surface and its environment that may affect bacterial adhesion. For example, the degree of PG hydrolysis may affect binding of positively charged metal ions to the cell surface (Beveridge et al., 1997) . Greater PG hydrolysis may give a 'rough' surface, which exposes adherent cell wall molecules such as proteins, polysaccharides and lipotechoic acids that may otherwise be buried in the thick PG layer. Adhesion might also be enhanced via the induction of other PG hydrolases in a ponA background. Note that acmB, acmC and acmD, coding for putative PG hydrolases, were found in the genome of L. lactis IL1403 by homology searches (Bolotin et al., 2001) .
The L. lactis AcmA autolysin hydrolyses PG and can thus influence chain length and sedimentation properties of other bacteria in mixed cultures (Mercier et al., 2000) . We showed that, additionally, AcmA increases the adhesion capacity of streptococci in trans. Increased adhesion of S. thermophilus CNRZ7 either upon lysozyme addition or after contact with spent MG1363 medium suggests that PG hydrolysis-dependent adhesion may be a general feature of members of the Streptococcaceae family, which includes both lactococci and streptococci.
Experimental procedures
Bacterial strains and plasmids
LAB strains used were Lactococcus lactis ssp. cremoris MG1363 (Gasson, 1983) , its autolysin-negative derivative MG1363acmA∆1 (Buist et al., 1995) and Streptococcus thermophilus CNRZ7 (URLGA laboratory collection, INRA, Jouy-en-Josas, France). The Escherichia coli TG1rep strain [F′traD36 proAB + lacI q ∆lacZM15/repA + supE hsd∆5 thi ∆(lacproAB)] was kindly provided by K. Leenhouts. Escherichia coli VES1248 was obtained by conjugational transfer of F′traD36 proAB + lacI q ∆lacZM15 from ER1727 (a gift from E. Raleigh, New England Biolabs, Beverly, MA, USA) to MC1061 (Casadaban and Cohen, 1980) . VES1922 (MG1363 ponA::ISS1) was obtained by excision of the pGhost9::ISS1 insertional plasmid from strain VIG10 (S. Sourice, P. Duwat and A. Gruss, unpublished), leaving behind the ISS1 element. Plasmid pGBLR, which encodes a β-lactamase-acmA fusion protein, was constructed by replacing proximal part of acmA gene, encoding a PG hydrolase, by the E. coli β-lactamase gene. When expressed in lactococci, the fusion protein has β-lactamase activity and is able to bind to the PG because of its AcmA cell wall-binding domain (Buist, 1997) .
Growth conditions
Bacteria were grown in M17 glucose medium (M17 broth, supplemented with 0.5% glucose (Terzaghi and Sandine, 1975) . The semiliquid medium contained M17 glucose plus 0.035% agar (Difco, Detroit, MI, USA). Growth temperature was 30°C for lactococci and 42°C for streptococci. Defined SA growth medium was prepared as described previoulsy (Jensen and Hammer, 1993) . Chicken egg lysozyme (Serva, Heidelberg, Germany) was added to growth medium at 0.01 mg ml −1 when indicated.
DNA manipulations
DNA extraction, cloning, restriction, transformation, sequencing and Southern hybridization were performed using published methods (Sambrook et al., 1989; Holo and Nes, 1995) .
Mutagenesis with pGhost9::ISS1 and identification of insertion sites
Mutagenesis with pGhost9::ISS1 and isolation of stable ISS1 insertional mutants by excision of integrated vector was performed as described previously (Maguin et al., 1996) . Design of the mutant screening procedures is described in Results. The pGhost9::ISS1 insertion site was identified by cloning and sequencing of chromosomal junctions as described by Maguin et al. (1996) . To clone junctions, chromosomal DNA of mutants was extracted, digested with restriction endonucleases EcoRI or HindIII, ligated and transformed into E. coli strain TG1rep with selection of erythromycin-resistant clones. Plasmids carrying cloned junctions were extracted from selected clones and the DNA nucleotide sequence of the insert was determined. The DNA sequence of the cloned fragment was compared with the L. lactis IL1403 genome sequence (Bolotin et al., 2001) . We employed the gene nomenclature as published therein (Bolotin et al., 2001) .
Inactivation of ponA
A single-crossover insertional mutation of the ponA gene was constructed using an internal ponA gene fragment recovered as the chromosomal junction of mutant VES2119 (present on plasmid pCD2119-HIII-2). This plasmid contained a ∼300 bp insert corresponding to the proximal part of the ponA gene. The insert was amplified by polymerase chain reaction (PCR) using pGhost9::ISS1 targeted oligonucleotide primers 5′-TCGGTATCTACTGAGATTAAGGTC-3′ and 5′-CGACGTT GTAAAACGACGGCCAGT-3′, then digested with restriction endonucleases HindIII and SspI and ligated to HindIII-SmaIdigested pRV300 (Leloup et al., 1997) . Escherichia coli recipient VES1248 was transformed with the ligation mixture and Amp r Lac -clones were selected. Plasmid pCM1837, containing an ∼200 bp ponA gene fragment, was used as an integrative vector to inactivate ponA in MG1363 and MG1363acmA∆1 (selected as Ery r clones), giving rise to VES1842 and VES1845 respectively. Chromosomal insertions were confirmed by Southern hybridization. Inactivation of ponA was confirmed by the absence of a PBP1A-specific band on a Bocillin FL penicillin-(Molecular Probes, Eugene, OR, USA) stained sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) of membrane proteins, as described by Zhao et al. (1999) .
Cloning of ponA
The 2774 bp fragment of L. lactis IL1403 chromosome was PCR amplified using DNA oligonucleotides PONA1 (5′-CCCAGATCTTTCTCGTGGACTTGCAGTTATTCA) and PONA2 (5′-CCCAGATCTTTTTCAGCTGAATGAAGATAAAT AGGAACATC). Each oligonucleotide was modified at its 5′ end to contain a BglII site (underlined). The amplified fragment includes the ponA orf (1992 bp) and flanking 533 bp from the proximal end and 249 bp from distal end (Bolotin et al., 2001) . The PCR fragment was digested with BglII restriction endonuclease and ligated with BamHI linearized plasmid pJIM2278 (Renault et al., 1996) . The enzymes used for cloning were obtained from Fermentas (Vilnius, Lithuania). The ligation mixture was transformed to L. lactis MG1363, and plasmid pVES3142, carrying ponA fragment, was selected as an erythromycin-resistant (5 µg ml 
Preparation of solid substrates for bacterial adhesion tests
Solid surfaces used were either stainless steel (AISI 304-2R, Goodfellow, Cambridge, UK), glass (Erie Scientific Company, Portsmouth, NH, USA), polytetrafluoroethylene (PTFE, Goodfellow, Cambridge, UK) slides or polystyrene of Petri plates (Greiner Labortechnic, Kremsmünster, Austria). Before adhesion tests, supports were washed for 15 min at 50°C with detergent RBS 35 (2%, Société des Traitements Chimiques de Surfaces, Lambersart, France) with shaking, then rinsed five times with 50°C tap water and five times with distilled water (Millipore, St. Quentin, France) .
Adhesion test
Bacterial cultures were grown overnight in SA medium, diluted 50 times in fresh medium and grown until exponential phase (OD 600 = 0.1). Cells were then collected by centrifugation, washed three times with SA medium and resuspended in SA medium (final OD 600 = 0.1). Slides were incubated in 30 ml of bacterial suspension in Petri plates for 4 h at 20°C, then rinsed with distilled water five times (care was taken to avoid drying slides between washes), and stained for 15 min with a 0.01% (w/v) acridine orange (Sigma, St. Louis, MO, USA) solution in water. Stained cells were visualized and images captured with an epifluorescence microscope (Leica DMLB, Tokyo, Japan), equipped with a 10× objective. Twenty images of each slide were taken and analysed using UTH-SCSA IMAGETOOL program (ftp://maxrad6.uthscsa.edu). Microbial adhesion was estimated as the percentage of the solid surface that was covered by bacteria. Experiments were performed on three independently grown sets of cultures.
To test mutants selected for increased adhesion properties (see Results for strategy), experiments were performed in 96-well polystyrene microtitre plates (Corning Incorporated, Corning, NY, USA). Bacterial colonies were inoculated in SA medium (200 µl per well) and grown overnight. Cells were stained by adding 50 µl of 1% (w/v) crystal violet (Difco, Detroit, MI, USA). Excess dye was removed by inverting the plate after 10 min incubation at room temperature. Nonattached cells were removed by washing three times with tap water. Plates were then dried and adhesion-positive mutants were identified visually as producing stained wells.
Evaluation of cell wall integrity by fluorescence in situ hybridization (FISH)
We previously showed that cell wall hydrolase-induced PG breaks could be detected by FISH with large horseradish peroxidase-labelled oligonucleotide probes (Bidnenko et al., 1998) . We modified the method by using a 40-nucleotide rhodamine-labelled 16S RNA targeted probe, EUB40 (rhodamine-5′-GCTGCCTCCCGT AGGAGTTTGGGCCGTG TCTCAGTCCCAA-3′). For this test, bacteria were grown in SA medium as for the adhesion test and hybridization was performed as previously described (Amann, 1995) . Images were captured using an epifluorescence microscope (60× lens objective, Nikon, Tokyo, Japan) and image analysis system Visiolab 1000 (Biocom, Les Ulis, France). Experiments were performed on three independently grown sets of cultures. Hybridized cells were counted on 10 images of each culture.
Scanning electron microscopy (SEM)
For SEM observation of sessile bacteria, stainless-steel surfaces were put in contact with bacterial suspensions in SA medium. After a 24 h incubation, the planktonic population was eliminated from surfaces by rinsing with 50 ml of sterile distilled water, and biofilms were fixed for 1 h at 4°C in a 3% (v/v) glutaraldehyde solution (Sigma, St. Louis, MO, USA), followed by three baths of 10 min in 0.2 M sodium cacodylate buffer (pH 7.4, Sigma, St. Louis, MO, USA). Samples were then incubated in 1% (w/v) OsO 4 for 1 h at 4°C, washed three times for 10 min in 0.2 M sodium cacodylate buffer (pH 7.4) and dehydrated with a series of graded water-ethanol solutions (70%, 95%, anhydrous 100% ethanol) and ethanol/ acetone (30%, 50%, 70%, 100% acetone). Dehydrated samples were coated with gold in a cathode vacuum evaporator (JFC 1102, Jeol, Tokyo, Japan) before examination with a JSM 5200 scanning electron microscope (Jeol, Tokyo, Japan).
